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Abstract 
This paper presents the results from the study of the influence of the amount of surfactant (THPP) on selected properties of a 
stone mastic asphalt mixture (SMA) produced in Warm Mix Asphalt technology. The dosage of the adhesive agent was 0% 
(reference value), 0.2%, 0.4% and 0.6%. In addition, the experiment was extended to cover temperatures 110°C, 120°C, 130°C 
and 140 °C. The study was carried out according to the experimental design 42. The design of the experiment involved 
preparing series of samples tested to determine the stiffness modulus (Sm) at temperatures 0°C, 10°C and 20°C as well as the 
void content (Vm). The paper also discusses the influence of surface-active agents on bitumen parameters. The results from the 
tests indicate that the use of the THPP modifier may significantly affect the properties of the SMA mixture. The presence of the 
surfactant is a factor in reducing the SMA mixture compaction temperature by about 20°C relative to the reference SMA 
temperature. With respect to bitumen parameters, the impact of THPP was marginal. 
© 2015 The Authors. Published by Elsevier Ltd. 
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Problems in Civil Engineering. 
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1. Introduction 
Generally Hot Mix Asphalt (HMA) mixtures are produced at high temperatures, exceeding 145oC. 
Environmental concerns and increased environmental awareness have led to setting internationally binding 
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emission reduction targets summarised in the Kyoto Protocol McKenon [20]. Considering this, in Europe, the need 
to reduce the pollution from the production and asphalt pavements placement resulted in the development of warm 
mix asphalt technology (WMA) with lowered production and paving temperatures. From WMA, other 
technologies based on recycled asphalt emerged Iwanski and Chomicz [11], Iwanski  and Chomicz [12], Iwanski 
and Mazurek [13], Iwanski and Mazurek [14]. WMA technology assumes production temperatures to be lowered 
at about 20oC – 40oC Rubio [23], Vaitkus and Cygas [24], Vaitkus et al. [25] but higher than the temperature of 
boiling water D’Angelo and Harm [4]. Warm Mix Asphalt technology need certain modifiers to be used to ensure 
better coating of aggregate grains by the bitumen, better workability and the lowering of compaction resistance 
during placement You et al. [27], Kristjandsdottir [19]. Lower temperatures in the WMA technology require 
organic compounds represented by synthetic waxes  Iwanski and Mazurek [15], Iwanski and Mazurek [16], fatty 
acid methyl esters contained in Montana waxes Vaitkus, et al. [25], fatty acid amides D’Angelo and Harm [4]. 
hardening at 140oC 145oC, foamed bitumen-based technologies Zaumanis [28], Rubio [23], You and Goh [27], 
Iwanski and Mrugała [17] and chemical compounds (surfactants)  Von Devivere et al. [6]. 
 
The use of chemical modifiers that act as adhesives between the bitumen and aggregates is one of the options. 
Unlike synthetic waxes and foaming technology, chemical modifiers significantly change rheological parameters 
of the bitumen Prowell and Hurley et al. [22]. This kind of asphalt modification in WMA technology has been 
designed to improve the bitumen coating of aggregate, adhesion improvement of the bitumen to the aggregate and 
increase asphalt workability of mineral-asphalt mix. Anderson et al. [1], Gonzales Leon et al. [8]. The modifier’s 
usage effective temperature ranges from 85oC to 140oC. Temperatures higher than 140oC up to 180oC initiate the 
degradation process thus reducing the effectiveness of the compound Hurley and Powell [9]. 
 
To evaluate the effect of chemical compounds group, the THPP (tetrachydropirymidupropyl) with patent 
protected composition and production method was used these (Cecabase® RT) (ICSO CHEMICAL 
PRODUCTION and CECA Arkema Group own the patent rights). As the solution is quite new in the WMA 
technology and few laboratories worldwide have reported their test results, it seems appropriate to evaluate the 
influence of these chemical compounds on the properties of SMA also in the context of optimisation. 
2. Materials and methods 
2.1.  THPP modifier 
The THPP used in the experiment is a patent protected compound of CECA Elsevier Ceca [10], Gonzales and 
Grampre [8]. It consists of emulsifiers, surfactants, polymers and surface-active agents  Rubio [23], and it is 
produced primarily (60%) from waste materials. The product has a liquid form and is applied to bitumen.  
2.2. Design of mineral-asphalt  reference mix 
The stone mastic asphalt, 0/8 grain size, intended for the wearing course under KR 4 traffic load was designed 
according to WT-2 2010 Technical Requirements [26]. The mix included quartzitic aggregate with ravelling by 
intermediate syenite. Table one shows the composition of the SMA mixture.  The content of the PMB 45/80-55 
binder determined with the Marshall method was 7.2%.  
 Table 1. General composition of the SMA.  
Component Filler Quartzite 0-2 mm Syenite 4-8 mm Quartzite 4-8 mm 
Percent content, % 11.5 15.0 17.0 56.5 
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2.3. SMA stiffness modulus and water sensitivity ITSR 
To determine the effect of the THPP on the stiffness modulus of SMA 8 S, six Marshall specimens were made 
for a series according to PN-EN 12697-30 standard. The stiffness modulus test on cylindrical specimens was 
conducted using the (IT-CY) method in the UTM-25 (Universal Testing Machine) in according to PN-EN 12697- 
26 standard. The tests consisted of initial vertical loading and five test cycles.  The stiffness modulus of the mix 
was tested in the microstrains range from 75 to 125, which corresponds to the mixture behaviour in terms of linear 
visco-elasticity.  
2.4. Water resistance ITSR 
The water influence on asphalt mixes is one of the most detrimental factors affecting the wearing course layer. 
For this reason, water resistance coefficient ITSR (Indirect Tensile Strength Ratio) of the mixture was determined 
according to the requirements in WT-2 2010. 
3. Research results 
3.1. Design of experiment 
Mathematical model sets of dependent variables had to be developed to describe the performance of SMA mix 
in terms of two factors: compaction temperature (TEMP) and the amount of the modifier (THPP).  
 
The first factor connected to thickening temperature changed from 110oC to 140oC with a step of 10oC. In case 
of the modifier used in WMA technology the range was from 0 to 0.6% with a step of 0.2%. As a result, type 42 
experimental design was attained. Each defined point of the design was replicated six times. For describing the 
dependent variable changes, the second-order polynomial model was adopted. 
 
First, an initial analysis of the data structure was performed to eliminate the outliers that might result from main 
errors. There might be many sources of these errors, though, they are easy to eliminate. There isn't mathematical 
method for the elimination of outliers Montgomery [21], thus the widely accepted errors were removed from the 
data structure using the analysis of collectivity and of interquartile range  (H) which contains 50% of middle 
observations. Consequently, the outliers and extreme values were lower than Q1-1.5H and higher than Q3+1.5H.  
3.2. Stiffness modulus of the Sm mix at 0oC, 10oC and 20oC 
The stiffness modulus of bitumen or a mineral-asphalt mixture is the term used as a replacement of the absolute 
value of complex modulus KTKNPiP [18]. Its level defines the complex response of a material (deformation) to 
the load applied. The test was performed at temperatures 20oC, 10oC and 0oC.  
 
The response function for dependent variables expressed as stiffness moduli for the three measurement 
temperatures was approximated using the second-order model. Then the object of study was decomposed by 
creating two objects of study characterized by one output variable Montgomery [21]. Figure 1 shows the graphical 
representation of the approximation models obtained. The regression coefficients of the models are summarised in 
Table 2. 
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Fig. 1. Contour plots of the response surface for stiffness modulus  Sm  at temperatures  a)  0oC, b) 10oC, c) 20oC. 
 
Table 2. Evaluation of model parameters for Sm at temperatures 0oC, 10oC, 20oC. 
Parameter 
[MPa] 
Regression coefficients in model R2 Estimation error 
Mean/Interc. THPP (L) THPP (Q) TEMP (L) TEMP (Q) 1L by 2L  [MPa] 
Sm – 20oC -7549.59 6602.03 369.76 112.62 -0.22 -58.39 0.79 253.2 
Sm – 10oC 3103.36 9190.87 -2319.36 -28.73 0.46 -85.95 0.92 328.8 
Sm – 0oC -5354.26 12942.51 6381.80 142.39 -0.04 -147.18 0.72 747.5 
 
Analysis of the test results indicates that the fitting of polynomial function is at a good level of more than 0.7 
(Fig. 1). The quality analysis of the model matching (Tab. 2) shows that the amount of THPP added (marked in 
bold) has the greatest effect on the stiffness of SMA in all models. The interaction between the THPP contents and 
temperature is another significant parameter of the model. The temperature did not play any important role as an 
independent factor. The THPP additive is well founded. It acts as a gentle plasticiser for the binder as contained in 
it long-chain hydrocarbon radicals are the specific source of skid Stefańczyk and Mieczkowski [23]. The stiffness 
modulus decreases due to the synergy of those two factors. In addition, the results from the SMA stiffness modulus 
tests show that it is possible to reduce the thickening temperature to about 125oC when the concentration of the 
modifier is 0.2%. In this variant, the drop in SMA stiffness modulus of less than 18% relative to the reference level 
is observed along with increased workability. The workability improvement should be reflected in the results of 
SMA compression increase. Therefore the next stage will include the assessment of the effect of the THPP 
modifier on the void changes in SMA.  
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3.3. Void content 
The void content was determined according to technical the requirements in PN-EN 12697-6+A1:2008 and in 
PN-EN 12697-8:2005. The mineral-asphalt mixtures made from low quality materials may turn out to be more 
durable than those made from high quality ones but insufficiently compacted materials Danowski [5], Błażejowski 
[3]. The graphical presentation of the matching to the assumed polynomial is shown in Fig. 2 and the parameters of 
the model are evaluated in Table 3.  
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Fig. 2. Contour plot of response surfaces for void contents Vm in SMA. 
         Table 3. Evaluation of model parameters for Vm.   
Parameter 
[%] 
Regression coefficients in model R2 Estimation error 
[%] Mean/Interc. THPP (L) THPP (Q) TEMP (L) TEMP (Q) 1L by 2L 
Sm – 20oC 26.73848 -7.34602 4.36708 -0.29832 0.00092 0.01833 0.85 0.31 
 
Analysis of the model for parameter Vm (Fig. 2) indicates that the best thickening of SMA was attained for a 
large amount of the THPP modifier and high thickening temperature. The parameters of the model also show that 
the effect of the amount of THPP and compaction temperature influence on parameter Vm  is significant, what was 
observed by Banerjee et al. [2]. The effect of interaction proved to be negligible. The optimal void content at a 
level of 3% (marked in yellow on the contour plot) can be obtained by reducing the compaction temperature of the 
SMA mixture but with a simultaneous increase of modifier in THPP in the bitumen. In the case when the 
thickening temperature is reduced to 125oC, the optimal level of Vm can be obtained by adding about 0.3% THPP 
to the SMA mixture. This result is slightly different compared to the results from the SMA stiffness modulus 
evaluation. Undoubtedly, the compaction quality is the parameter that has a strong impact on the durability of 
SMA during the operation as well as on its water and frost resistance. Therefore, to provide a comprehensive 
evaluation of the THPP effect, the results from the tests for the SMA mixture water resistance according to ITSR 
will be discussed further in this paper.  
3.4. Water resistance according to  ITSR 
The water resistance tests were conducted according to WT-2/2010 of Polish requirements based on American 
AASHTO -T283 standard. No model was made as the ITSR result is the quotient of the indirect tensile strength 
ITS of two series of specimens. The first of them is the mean from three samples before conditioning process and 
the mean from the series of next three specimens after conditioning simulating the impact of water. Figure 3 shows 
the ITSR results. 
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Fig. 3. Determination results of  ITSR. 
The increased amount of THPP had a favourable effect on the required 90% (red line in Fig. 3) water resistance 
(ITSR) of the SMA mixture. The bests results were obtained for the samples prepared at a high thickening 
temperature. The required level of water resistance may be obtained by reducing the thickening temperature to 
120oC, but the amount of the adhesive agent cannot be lower than 0.4%. The amount of the adhesive agent can be 
lowered by 0.1 %, but this will result in thickening temperature increase of 10oC. Consequently, the costs of 
heating the ingredients and aging rate will rise Kalabińska and Gaweł [7]. 
3.5. Optimisation of THPP quantity 
The analysis of the results involved comparing the parameters in juxtaposition. Therefore the amount of the 
modifier must be a compromise between the drop in stiffness Sm of the SMA mixture and the inversely 
proportional parameters such as workability, optimal void contents Vm  and water resistance according to ITSR. 
For this purpose, a general desirability function UiIII was used Montgomery [21]. To build such a scale, an interval 
of values has to be defined for each criterion with indicating the best and the worst values.  The utilities expressed 
by the desirability function are the number (0;1) ranges. The set of values regarded as satisfying is thus converted 
into the range of  (0.368; 0.692). The values of function UiIII above 0.8 are regarded as very good. The desirability 
function has the following formula. 
 
  
where: 
)(i
Gy - worse value; 
)(iyL - better value; 
)(iy  - dependent variable value; iw - weight of the variable  
 
Optimisation with the use of the desirability function includes many criteria, whereas in the last phase the entire 
task is reduced to one-criterion optimisation. To start the process of optimisation some criteria that represent 
desired results of material characteristic determination have to be adopted. The required ranges assigned to the 
criteria of the variables were constructed based on information included in the Catalogue KTKNPiP [18] and the 
technical requirements in WT-2 2010. It has to be noted that the permanent deformation resistant SMA mixture 
will deteriorate within the warranty period if the appropriate level of its water resistance is not ensured. The criteria 
are summarised in Table 4 and the contour plot of the desirability function distribution is shown in Figure 4. 
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     Table 4. Criteria used in optimization. 
Value level Model (Sm20) 
[MPa] 
Model (Sm10) 
[MPa] 
Model (Sm0) 
[MPa] 
Model (Vm) 
[%] 
ITSR 
[%] 
better 3200 6000 14000 4 90 
worse 2800 14000 19300 5 80 
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Fig. 4. Contour plot of desirability function UIII. 
Optimisation results as contour plot (Figure 4) indicates that the best results, i.e. maintaining the required 
stiffness at temperatures 0oC, 10oC and 20oC, obtaining the optimal void contents in the SMA mixture at the level 
of 3% and the ITSR > 90 can be obtained with 0.35% modifier content and the thickening temperature SMA about  
135oC - 140oC.  For this range the value of the desirability function represented the high quality of the SMA 
mixture. To obtain the satisfying value for the mixture that meets the adopted criteria, the thickening temperature 
has to be reduced to 110oC and the amount of THPP should be up to 0.3%.  The results of the desirability function 
that will guarantee the SMA mixture of superior properties are represented by the limit value 0.63, marked in 
yellow in the contour plot (Fig. 4). This value suggests that the SMA mixture with satisfying parameters may be 
obtained when the temperature is reduced to 120oC with the modifier content of about 0.2%. Further reduction in 
thickening temperature is possible with the increase in amount of the modifier THPP in the binder. The conclusion 
from the analysis above is that the compaction below 110oC without THPP makes it impossible to obtain the SMA 
mixture that satisfies the adopted criteria. 
4. Conclusions 
Based on the results from the tests, the following conclusions have been drawn: 
x increase in the amount of THPP in the bitumen reduces the stiffness modulus of SMA, 
x the results analysed of the stiffness modulus analyses indicated the interaction effect between the SMA 
compaction temperature and the THPP contents, 
x both the compaction temperature and the THPP contents reduce the surface tension on the bitumen-aggregate 
phase boundary, contributing to the reduction in void contents and improvement in the SMA thickening, 
x increase in the amount of the modifier improves SMA water resistance (ITSR), 
x optimisation result indicates that high quality of SMA was attained at the  0.35% contents of the modifier in the 
bitumen and at thickening temperature of about 135oC - 140oC. 
x Medium quality SMA compacted at about 125oC may be obtained when a small amount of the modifier, THPP, 
is used. Further reduction in thickening temperature is possible with successive increase of the THPP content, 
x unacceptable results were obtained for SMA compacted at a temperature of about 110oC and without THPP. 
29 Grzegorz Mazurek and Karol Nowakowski /  Procedia Engineering  108 ( 2015 )  22 – 29 
References 
[1] Anderson RM. Baumgardner G. Engineering Properties. Emissions. and Field Performance of Warm Mix Asphalt Technology. National 
Cooperative Highway Research Program (NCHRP); 2008 
[2] Banerjee de Fortier, Smit A, Prozzi JA.The effect of long-term aging on the rheology of warm mix asphalt binders. Fuel 2012. 97:603-
611. 
[3] Błażejowski K. SMA Teoria i praktyka [SMA mixtures - theory and practice]. Rettenmaier; 2006.  
[4] D’Angelo J, Harm E. Warm Mix Asphalt: European Practice. Office of International Programs. Office of Policy. Federal Highway 
Administration. U.S. Department of Transportation. American Association of State Highway and Transportation Officials. National 
Cooperative Highway Research Program; 2008. 
[5] Danowski M. Application of hot mix asphalt of low-term consolidation – German experiences. Nowości Zagranicznej Techniki 
Drogowej 2007. 196:12-35. 
[6] Devivere Von  Barthel, W. Marchand JP.Warm Asphalt Mixes by Adding Aspha-Min, Synthetic Zeolite. Eurovia GmbH; 2011. 
[7] Gaweł I, Kalabińska M, Piłat  J. Asfalty drogowe [Road bitumens]. Warszawa. WKŁ; 2001 
[8] Gonzalez L, Grampre L. Warm-Mix Asphalts with Low-Dosage Chemical Additives. Transportation Research Board; 2009. 
[9] Hurley GC, Prowell BD. Evaluation of potential processes for use in warm mix asphalt. Association of Asphalt Paving Technologist. 
MN 55110. United States. White Bear Lake; 2006. 
[10] Innovation Awards 2009: Arkema's CECA wins best product. Focus on Surfactants 2009. 12:6. 
[11] Iwanski M, Chomicz-Kowalska A. The effects of using foamed bitumen and bitumen emulsion in the cold recycling technology. Procedia 
Engineering of 8th International Conerence Environmental Engineering; 2011, p. 1089-1096. 
[12] Iwanski M, Chomicz-Kowalska A. Laboratory Study on Mechanical Parameters of Foamed Bitumen Mixtures in Cold Recycling 
Technology. Engineering of 11th International Conerence Environmental Engineering; 2013. 57:433-442. 
[13] Iwanski M, Mazurek G, The influecne of the low-viscosity modifier on viscoelasticity behaviour of the bitumen high operational 
temperautre. Procedia Engineering of 8th International Conerence Environmental Engineering; 2011,  p. 1097-1102. 
[14] Iwanski M, Mazurek G. Rheological characteristics of synthetic wax-modified asphalt binders. Polimery 2012. 57:661-664. 
[15] Iwanski M, Mazurek G. Hydrated Lime as the Anti-aging Bitumen Agent. International Conference on Modern Building Materials. 
MBMST; 2013. 57: 424-432. 
[16] Iwański M, Mazurek G. Optimization of the Synthetic Wax Content on Example of Bitumen 35/50. Procedia Engineering; 2013, 57:414-
423. 
[17] Iwanski M, Mrugała J. Moisture and frost resistance of asphalt concrete with foamed bitumen modified with synthetic wax. 3rd 
Internatioal Conference on Transportation Infrastructure; 2013, p. 131-137. 
[18] KATALOG TYPOWYCH KONSTRUKCJI NAWIERZCHNI PODATNYCH I PÓŁSZTYWNYCH [Catalogue of typical solutions in 
bituminous pavements designing]; 2012. GDDKiA. 
[19] Kristjansdottir O. Warm Mix Asphalt for Cold Weather Paving. PhD Thesis. University of Washington. Seattle. USA; 2013. 
[20] McKeon B. Aspha-min in warm asphalt mixes. 51st Annual Convention of the National Asphalt Pavement Association. Lanham. 
Maryland; 2013. 
[21] Montgomery DG. Design and Analysis of Experiments. 5th Edition. John Wiley and Sons; 2001. 
[22] Prowell BD, Hurley GC, Field Performance of Warm-Mix Asphalt at the NCAT Test Track. Transportation Research Board 86th Annual 
Meeting. Washington DC. United States; 2007. 
[23] Rubio C, Martínez G, Baena L. Fernando Moreno Warm mix asphalt: an overview. Original Research Article. Journal of Cleaner 
Production 2010. 24: 76-84. 
[23] Stefańczyk B, Mieczkowski P. Dodatki. katalizatory i emulgatory w mieszankach mineralno-asfaltowych. Warszawa. WKŁ; 2010. 
[24] Vaitkus A,  Čygas D. Analysis and Evaluation of Possibilities for the Use of Warm Mix Asphalt in Lithuania. The Baltic Journal of Road 
and Bridge Engineering 2013; 4(2): 80-86. 
[25] Vaitkus V, Vorobjovas L, Žiliut. The Research on the Use of Warm Mix Asphalt for Asphalt Pavement Structures. Road Department. 
Vilnius Gediminas Technical University. Vilnius. Lithuania; 2009. 
[26] WT-2 2010. Wymagania technicze - mieszanki mineralno-asfaltowe [Technical specyfication for bituminous mixtures]. Załącznik Nr 2 
do zarządzenia 102 GDDKiA. 
[27] You Z, Goh SW. Laboratory evaluation of warm mix asphalt: a preliminary study. International Journal of Pavement Research and 
Technology 2008; 1 (1): 34–40. 
[28] Zaumanis  M. Warm mix asphalt Investigation. PhD Thesis. Riga Technical University. Kgs. Lyngby. Denmark; 2010. 
 
